Oxytocin is an important neuromodulator in the mammalian brain that increases information salience and circuit plasticity, but its signaling mechanisms and circuit effect are not fully understood. Here we report robust oxytocinergic modulation of intrinsic properties and circuit operations in hippocampal area CA2, a region of emerging importance for hippocampal function and social behavior. Upon oxytocin receptor activation, CA2 pyramidal cells depolarize and fire bursts of action potentials, a consequence of phospholipase C signaling to modify two separate voltage-dependent ionic processes. A reduction of potassium current carried by KCNQ-based M channels depolarizes the cell; protein kinase C activity attenuates spike rate of rise and overshoot, dampening after-hyperpolarizations. These actions, in concert with activation of fast-spiking interneurons, promote repetitive firing and CA2 bursting; bursting then governs short-term plasticity of CA2 synaptic transmission onto CA1 and, thus, efficacy of information transfer in the hippocampal network.
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In Brief Tirko et al. show that activation of oxytocin receptors drives pyramidal cells in hippocampal area CA2 to fire bursts. They deconstruct the cellular mechanism, oxytocin receptor-driven modulation of K+, and spike-generating currents and reveal the circuit consequences for neurotransmission to CA1.
INTRODUCTION
Neuromodulation, an essential property of the brain, greatly diversifies the flexibility of neurons and circuits (Bargmann and Marder, 2013; Kaczmarek and Levitan, 1987; Siegelbaum and Tsien, 1983) . Neuromodulators can alter intrinsic firing properties (e.g., Cantrell and Catterall, 2001 ) as well as synaptic transmission, sometimes transforming cells from quiet to bursting, reshaping circuit function (Marder, 2012) and expanding the repertoire of responses to changes in internal state and external environment.
Here we examine the neuromodulatory effects of oxytocin on neurons in hippocampal area CA2 and their output in CA1. Oxytocin is a highly conserved peptide neuromodulator important for promoting sexual, maternal, and complex social behaviors (Ferguson et al., 2001; Marlin et al., 2015; Nishimori et al., 2008 ) and increasing positive social interaction and trust in humans (Baumgartner et al., 2008 . Disruptions in oxytocin signaling contribute to neurological disorders; reductions in serum oxytocin and genetic links to the oxytocin receptor (OXTR) gene have been found in autistic patients (Jacob et al., 2007; Modahl et al., 1998; Wu et al., 2005) , and altered oxytocin serum levels (Striepens et al., 2011) and reduced OXTR expression (Uhrig et al., 2016) are found in schizophrenic patients. Mice lacking oxytocin or OXTR display impaired sociability and social memory (Choe et al., 2015; Ferguson et al., 2001; Lin et al., 2018; Nishimori et al., 2008; Pobbe et al., 2012; Raam et al., 2017; Sala et al., 2011) , and oxytocin delivery improves social behavior in mouse models of Autism spectrum disorder (ASD) (Peñ agarikano et al., 2015) . This diversity of function can be attributed in part to patterns of OXTR expression, recently explored with a novel anti-OXTR antibody . Clarification of regional receptor expression spurs efforts to learn how OXTR stimulation alters ion channel activity, cellular responses, and circuit dynamics.
Here we describe oxytocin modulation in hippocampal area CA2, a small but distinctive region flanked by CA3 and CA1 (Lorente De Nó , 1934) . Overlooked for decades, area CA2 has recently emerged as functionally important and clinically relevant. CA2 exhibits distinct gene expression, connectivity, and electrophysiology (Chevaleyre and Siegelbaum, 2010; Cui et al., 2013; Dudek et al., 2016; Jones and McHugh, 2011; Kohara et al., 2014; Piskorowski and Chevaleyre, 2013; Zhao et al., 2007) . In rodents, CA2 output is essential for social memory formation (Hitti and Siegelbaum, 2014; Lin et al., 2018; Raam et al., 2017) . CA2 place cells remap in response to context changes, social stimulation, and time Lu et al., 2015) and fire high-frequency bursts in vivo (Kay et al., 2016) . Additionally, changes in CA2 morphology are associated with schizophrenia and age-related dementia in both human patients and animal models .
Given the likely importance of CA2 in social cognition, we wondered how oxytocin might modulate CA2 cellular and synaptic responses. CA2 and CA3 are hotspots for OXTR expression , and oxytocin signaling there participates in social recognition (Lin et al., 2018; Raam et al., 2017) . Previous studies have described CA2 modulation by vasopressin, another peptide hormone important for social behavior (Pagani et al., 2015) . However, little is known about which type(s) of cells are targeted by oxytocin and how their responses lead to changes in hippocampal circuit function.
Our experiments revealed a robust modulation of excitatory pyramidal cells in CA2. OXTRs caused phospholipase C (PLC) activation and launching of two divergent signaling mechanisms, one leading to reduction in K + conductance and the second acting through protein kinase C (PKC) and intracellular Ca 2+ to modify the rapid conductance underlying spikes. OXTR activation also modulated fast-spiking interneurons in CA2, as is the case in CA1 (Owen et al., 2013) . Together, these signaling actions were necessary and sufficient to generate high-frequency action potential bursts in CA2 pyramidal cells. Through modulation of the timing and frequency of CA2 bursting, oxytocin induces short-term synaptic plasticity to tune excitatory and inhibitory output onto CA1. Thus, oxytocin modulation of multiple signaling pathways and diverse cell types operates in coordination to tune the effect of CA2 on the hippocampal network.
RESULTS

CA2 Pyramidal Cells Express OXTR and Receive Oxytocinergic Input
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To identify the pathway of oxytocin delivery to CA2, we mapped oxytocinergic projections from the paraventricular nucleus (PVN), a primary oxytocin source (Cui et al., 2013; Mitre et al., 2016; Raggenbass et al., 1998) . The PVN of oxytocin-IRES-cre mice (Irani et al., 2010; Wu et al., 2012) was injected with a Cre-dependent adeno-associated virus (AAV) encoding yellow fluorescent protein (YFP) fused to the excitatory opsin ChETA. YFP expression was confirmed in the PVN ( Figure S1B2 ) and found in oxytocinergic fibers forming bouton-like puncta near CA2 somata (Figures S1C and S1D; Figure 1B ). The oxytocinergic fiber density was enriched in areas CA2 and CA3 relative to CA1 (Figures S1C and S1D). Our data indicate that CA2 pyramidal cells both express OXTRs and receive oxytocinergic input, cueing study of OXTR function.
Activation of Oxytocinergic Outputs or OXTR Excites CA2 Pyramidal Neurons
Morphological and electrophysiological criteria (Chevaleyre and Siegelbaum, 2010; Dudek et al., 2016) distinguished CA2 pyramidal cells from those in the bordering area CA1 (Table 1) . CA2 pyramidal cells had apical dendrites that bifurcated close to the soma (arrow, Figure 2A ; Table 1 ), and the input resistance of pyramidal cells was lower in CA2 (81.4 ± 3.5 megaohms [MU] ) than in CA1 (147.4 ± 8.9 MU), whereas cell capacitance was higher (262.7 ± 9.1 picofarads [pF] in CA2, 161.0 ± 6.6 pF in CA1; Table 1 ). As in prior work (Chevaleyre and Siegelbaum, 2010) , CA2 pyramidal cells displayed delayed firing after depolarizing current steps and little voltage sag during hyperpolarizing current steps (Table 1; Figure 2B ).
CA2 pyramidal neurons clearly responded to optogenetic stimulation of oxytocinergic fibers ( Figure 1B1 ) following viral delivery of ChETA-YFP to the PVN of oxytocin-IRES-Cre animals ( Figure S1B2 ). Exposure to blue light evoked a 6.25 ± 3.34 mV (mean ± SEM) depolarization ( Figure 1C ), accompanied by closely spaced groups of spikes ( Figures 1D and 2G ). Defined as 25 or more spikes in 5 s, bursts were evoked in 7 of 8 CA2 pyramidal cells within 20 min of light stimulation, but in 0 of 4 neurons pre-incubated with OTA (1 mM), a selective OXTR antagonist (p < 0.02, c 2 test; Figure S2 ). Likewise, bursting activity was not evoked by light stimulation in the absence of viral ChETA expression (0 of 4 neurons; data not shown).
In complementary experiments, we exposed slices to the highly specific OXTR agonist [Thr 4 ,Gly 7 ]-oxytocin (TGOT, 400 nM), avoiding activation of vasopressin receptors. OXTR activation via TGOT depolarized 100% of CA2 pyramidal cells recorded in current clamp configuration (6.53 ± 1.03 mV, n = 7, p < 0.005; Figure 2C ). In contrast, CA1 pyramidal cells displayed little or no direct depolarizing response (0.9 ± 0.4 mV, n = 6, p > 0.2) with synaptic transmission blocked. TGOT-induced depolarization in CA2 pyramidal cells was observed with and without glutamatergic and GABAergic blockade ( Figure 2D ), indicating that OXTR stimulation depolarizes the cells directly, not solely by altering synaptic inputs. Further experiments were carried out with glutamate receptors blocked (to avoid recurrent circuit excitation) but gamma-aminobutyric acid (GABA) receptors spared (to avoid complications of circuit disinhibition) unless specified otherwise. TGOT-induced depolarization in CA2 pyramids induced burst firing in 10 of 12 cases ( Figures 2E-2G ). The median TGOT-evoked firing frequency ($14 Hz) was close to that of light-driven spiking ($15 Hz; Figure 2G ) and similar to firing rates in CA2 pyramidal cells in vivo (Kay et al., 2016) .
OXTR Activation Promotes CA2 Pyramidal Cell Firing and Alters Spike Shape
We next studied the consequences of OXTR activation in CA2 pyramidal cells. TGOT caused reversible enhancement of excitability; depolarizing currents evoked higher firing rates during OXTR activation ( Figure 3A) . Similarly, less current was required to drive the cell to fire spikes at a given frequency ( Figure 3B ). This TGOT-induced leftward shift in the frequency-current (F-I) relation was quantified at 10 Hz and averaged 85.1 ± 20.2 pA (mean ± SD, n = 5, p < 0.01; Figure 4B ). In contrast, exposure to arginine vasopressin (with (d(CH₂)₅ 1 ,Tyr(Me) 2 ,Thr⁴,Orn⁸,desGly-NH₂⁹)-Vasotocin trifluoroacetate salt [OTA] to prevent crossover to OXTR) did not shift the F-I curve ( Figure S3 ; n = 5, p > 0.44; Pagani et al., 2015) . Thus, the enhancement of excitability produced by TGOT was a specific response to OXTR activation.
A potential mechanism for the OXTR-mediated depolarization is increased non-selective cation conductance with a consequential decrease in overall cell membrane resistance, as previously reported in hippocampal interneurons (Owen et al., 2013; Zaninetti and Raggenbass, 2000) . In contrast, TGOT increased total input resistance ( Figure 3C ; 80.7 ± 1.7 MU control, 112.9 ± 8.7 MU TGOT, n = 13, p < 0.0001). This suggested that OXTR activation might diminish a membrane conductance with a hyperpolarizing influence on the resting membrane potential, enhancing excitability ( Figure 3A) .
Additionally, action potentials generated during OXTR activation exhibited clear changes in configuration: an $5-mV reduction in peak amplitude (80.0 ± 4.2 mV control, 74.9 ± 4.6 mV TGOT, p < 0.005, n = 7), whereas action potential duration remained unchanged (spike half-width, 1.19 ± 0.10 ms control, 1.19 ± 0.07 ms TGOT, p > 0.9, n = 6), and the afterhyperpolarization was attenuated (5.2 ± 1.5 mV control, 3.6 ± 1.6 mV TGOT, n = 7, p < 0.008). These changes were evident in averaged spike waveforms ( Figure 3D ) and phase-plane plots (dV m /dt versus V m ; Figure 3E ), highlighting the briefest, most dynamic phases of the spike. Peak action potential and after-hyperpolarization amplitudes were strongly correlated (n = 30 spikes from 7 cells; r = 0.76, p < 0.001), even when control and TGOT conditions were taken together, as expected from activation of repolarizing currents near the spike peak ( Figure 3F ). In TGOT, the maximum in dV m /dt, reflecting the peak inward excitatory current, was clearly diminished. In contrast, the threshold potential was not changed ( Figure 3G ; À41.0 ± 1.5 mV control, À40.2 ± 1.3 mV TGOT, n = 7, p > 0.35), a plausible dissociation given that the persistent sodium current (I NaP ) governing the spike threshold (Yamada-Hanff and Bean, 2015) is distinct from the inward current that dominates (dV m /dt) max .
Having found OXTR-induced changes in both excitability and spike shape, we asked whether these alterations occur in series or in parallel, a first step toward understanding the mechanism(s) of repetitive burst firing in CA2 pyramidal cells. (Gimpl and Fahrenholz, 2001; Nishimori et al., 2008) . Well-studied neuromodulators such as substance P (Takano et al., 1995) and acetylcholine (Brown and Yu, 2000) operate via PLC activation, suggesting that PLC might mediate OXTR effects. Indeed, pre-incubation of slices with a PLC blocker (U73122, 5 mM) abrogated the TGOT-induced increase in cell excitability, eliminating the F-I curve shift (Figure 4A -B; n = 5, p > 0.2, paired 2-tailed Student's t test). PLC activation can induce release of intracellular Ca
2+
, but inclusion of a fast on-rate Ca 2+ chelator ((1,2-bis(o-aminophenoxy)ethane-N,N,N 0 ,N 0 -tetraacetic acid) [BAPTA] , 20 mM) in the recording pipette had no effect on TGOT-induced excitability ( Figure 4B ; n = 6, p > 0.65, paired 2-tailed Student's t test).
Examination of the spike waveform revealed that PLC activity also mediated the OXTR-driven reduction in spike amplitude; no change was seen upon PLC block with U73122 (Figures 4C and  4D ; n = 5, p > 0.5). However, the reduced spike amplitude was also prevented by intracellular BAPTA (Figures 4C and 4D ; n = 6, p > 0.07). Thus, the spike height depended on the availability of intracellular Ca 2+ , unlike the change in excitability. These data reveal that the mechanisms altering cell excitability and action potential shape are largely dissociable downstream of a common requirement for PLC activation, prompting tests of how these OXTR-driven changes might be distinguished.
M-Current Regulation of Excitability but Not Action Potential Shape
Both the membrane depolarization ( Figures 2C and 2D ) and increased input resistance ( Figure 3C ) could be explained by a decrease in a basally active repolarizing conductance. ''M-current'' potassium channels are partly open near resting potential, regulated by G-protein coupled receptor (GPCR) signaling and often control somatic excitability and bursting (Bley and Tsien, 1990; Brown and Yu, 2000; Brown and Adams, 1980; Hernandez et al., 2008) , making them a likely candidate. Neuronal M channels are hetero-tetramers with KCNQ2 and KCNQ3 subunits and require binding of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to all KCNQ3 subunits for maximum opening (Telezhkin et al., 2012) . A well-studied mechanism of M-current modulation used by muscarinic agonists depends on PLC-dependent hydrolysis and depletion of PIP 2 from the membrane but not intracellular Ca 2+ (Suh et al., 2004; Wang et al., 1998) . Immunostaining for KCNQ3 in the stratum pyramidale revealed a pattern of expression in CA2 pyramidal cells similar to OXTR ( Figure S4 ), suggesting that OXTR signaling might modulate nearby M channels. To test this, we turned to pharmacological experiments using retigabine, an anticonvulsant agent that binds to KCNQ2, locking the M channel in an open conformation (Wuttke et al., 2005) . Co-application of retigabine with TGOT reduced the OXTR-driven depolarization in a concentrationdependent manner; depolarization was partially reduced at 10 mM and completely blocked at 100 mM retigabine ( Figure 4E ; excitatory and inhibitory blockers present to exclude influence of synaptic input). Pre-incubation with retigabine (100 mM) caused slight hyperpolarization (1.34 ± 0.90 mV, mean ± SD, n = 4), suggesting that some M channels may be closed at rest.
To test whether M-current inhibition accounts for TGOTmediated depolarization, we applied a KCNQ channel blocker, 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone (XE991, 10 mM; Zaczek et al., 1998) , that depolarized CA2 pyramidal cells (4.2 ± 0.5 mV, n = 6) and increased their excitability, causing a leftward shift in the F-I curve ( Figure 4F ; 70.4 ± 15.4 pA reduction in current needed to drive 10 Hz spiking, n = 5). Subsequent addition of TGOT failed to shift the F-I curve further than XE991 alone. Thus, XE991 largely occluded the effects of OXTR activation ( Figure 4F ; n = 5, p > 0.11, 2-tailed paired Student's t test).
Strikingly, M-current manipulations that blocked or occluded TGOT effects on excitability were ineffective in preventing or mimicking TGOT effects on action potential shape. For example, XE991 failed to reduce peak amplitude (À0.68% ± 1.97% change) or after-hyperpolarization amplitudes and also spared the ability of TGOT to alter spike amplitude (À7.27% ± 5.01% change, p < 0.05, Student's paired t test, n = 4; Figures 4G and 4H), suggesting a mechanism other than M-current modulation.
Modulation of Spike Shape but Not Excitability Is
Mediated by PKC PLC cleavage of PIP 2 generates the lipidic messenger diacylglycerol (DAG), which can activate PKC. PKC regulates voltagegated sodium channels via direct phosphorylation (Carr et al., 2003) . In previous studies, muscarinic receptor activation of neuronal PKC decreased fast Na + currents (Cantrell et al., 1996) , accelerated slow inactivation, and reduced channel availability (Carr et al., 2003; Chen et al., 2006) . Thus, PKC signaling was a likely candidate for mediating OXTR effects on action potential configuration ( the PKC blocker bisindolylmaleimide I (BIS, 10 mM) virtually eliminated OXTR effects on action potential shape. In the presence of BIS, TGOT application failed to reduce spike amplitude (n = 6, p > 0.27, paired two-tailed Student's t test) or after-hyperpolarization amplitude (n = 6, p > 0.16, unpaired two-tailed Student's t test) ( Figures 5C-5E ). In contrast, BIS pretreatment spared the enhancement of cell excitability following OXTR activation, leaving unchanged the TGOT-induced leftward shift of the F-I curve ( Figures 5A and 5B, n = 6, p > 0.3), the TGOT-induced depolarization (BIS À66.9 ± 0.59 mV versus BIS+TGOT À62.7 ± 1.09 mV, n = 6), and the increase in input resistance (BIS 88.92 ± 6.30 MU versus BIS+TGOT 127.60 ± 16 .65 MU, n = 6). The distinction between effects dependent and independent of PKC was further probed by direct activation of PKC with the DAG analog 1-oleoyl-2-acetyl-sn-glycerol (OAG, 20 mM), bypassing OXTRs. Reassuringly, OAG did not enhance excitability ( Figure 5B ; n = 5, p > 0.8) but did reduce the action potential amplitude compared with baseline (Figures 5C and 5D ; p < 0.007). Taken together, these results show that, following OXTR activation, PKC activity drives changes in spike waveform but is not responsible for increased excitability.
We also investigated the role of PKC in slow changes in net excitatory currents in CA2 pyramidal cells, using cessation of spiking as a proxy. Slow inactivation of sodium conductance is a well-known gating mechanism that depends on neuronal activity, takes seconds to develop, and, in turn, shapes repetitive firing (Carr et al., 2003) . Repetitive injections of depolarizing current (3 s long, 0.3 Hz) were applied to CA2 pyramidal cells to mimic the intermittent bursting patterns seen during OXTR activation ( Figure S5 ). Failure of neuronal spiking during the prolonged current injection was hastened by OAG (Figures 5F, S5A, and S5B), and the spike threshold increased gradually ( Figure S5C ), suggesting that PKC may accelerate depolarization-dependent reductions in Na + channel availability in CA2 pyramidal cells, as in neocortical neurons (Carr et al., 2003) . So far, our experiments indicate that OXTRs use divergent branches of the GPCR-coupled PLC pathway to bring about electrophysiological changes ( Figure 5G ). PLC activation drives the degradation of PIP 2 and the consequent deactivation of M channels when PIP 2 dissociates from KCNQ3 subunits (Hernandez et al., 2008) . Reduction of the M-current accounts for the steady depolarization, increased membrane resistance, and (B) The F-I curve shift was quantified by fitting second-order polynomial curves to interpolate the current inputs required to generate 10-Hz firing at baseline and in the presence of drug. The F-I curve shift was blocked by U73122 but not by BAPTA (20 mM) in the recording pipette.
(C) Average spike waveform generated by current injection during control (black) and TGOT plus U73122 (red) conditions. U73122 blocked the reduction in spike amplitude caused by TGOT, as did BAPTA in the recording pipette. Spike peaks are highlighted in the inset (box size, 0.5 ms wide and 10 mV tall).
(D) Summary of the percent reduction in action potential amplitude between baseline and drug conditions. (E) Retigabine prevented TGOT-induced depolarization in a dose-dependent manner; 100 mM Retigabine prevented CA2 pyramidal cell depolarization during TGOT application. (F) XE991 caused a leftward shift of the F-I curve that occluded TGOT's effect on excitability.
(G) Average spike waveform generated by current injection during control (black), XE991 alone (blue), and XE991 with TGOT (red) conditions in an example cell. Spike peak and after-hyperpolarization (AHP) are highlighted in the insets (0.5 ms wide, 10 mV tall). (H) XE991 was not sufficient to alter spike shape; XE991 alone (violet) did not decrease spike amplitude or after-hyperpolarization although subsequent application of TGOT (red) did. All error bars reflect the SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3 .
enhanced excitability. In another signaling branch, sequelae of PIP 2 degradation (DAG and, possibly, elevated intracellular Ca 2+ ) activate PKC and, thus, downregulate the net excitatory current (Carr et al., 2003) . As spike overshoot is reduced, repolarizing K + channels are less strongly activated, and undershoot is decreased. The signaling branches are clearly divergent, at least with regard to basic features of single spikes.
M Channel Inhibition and PKC Modulation of Excitatory Current Are Necessary and Sufficient for OXTR Effects on Burst Firing
Having defined distinct outcomes of the two branches of OXTRdriven signaling, we next asked whether those outcomes might re-converge to support the overall pattern of repetitive firing. The TGOT-induced bursts of action potentials in CA2 pyramidal cells (Figures 2E-2G and 6A) had mean burst durations of 2.75 ± 0.40 s and a mean intraburst frequency of 33.5 ± 2.6 Hz ( Figures  6B and 6C ). Similar firing patterns of CA2 neurons have been observed during immobility and sleep in the rat (Kay et al., 2016) , suggesting that a basic understanding of CA2 burst firing may be relevant to hippocampal circuits in vivo. To clarify the basis of bursting, we separately examined the effects of M-current inhibition and PKC activation. Like TGOT, application of the KCNQ channel blocker XE991 drove cell depolarization and spike bursts ( Figure 6A ). However, compared with bursts driven by TGOT, XE991-induced bursts lasted longer (5.14 ± 0.19 s, p < 0.001; Figure 6B ) and reached a lower intraburst frequency (9.64 ± 0.66 Hz, p < 0.001; data from 137 bursts and 3 cells; Figure 6C ). Similar results were obtained by application of TGOT in combination with the PKC blocker BIS ( Figure 6A , bottom right); again, bursts were longer in duration (4.63 ± 0.53 s; Figure 6B ) and lower in intraburst frequency (16.9 ± 2.6 Hz, n = 112 bursts, 3 cells; Figure 6C ) than with TGOT alone. Finally, we attempted to reconstitute the multiple branches of OXTR-driven signaling by combined application of the M-current inhibitor XE991 and the PKC activator OAG (bottom left trace, Figure 6A ; rightmost bars, Figures 6B, 6C , and 6E). In this case, the CA2 neurons produced bursts close in both duration (1.7 ± 0.1 s) and intraburst frequency (26.4 ± 2.1 Hz, n = 103 bursts, N = 3 cells) to bursts with TGOT itself (all differences not significant). These results underscore the importance of the two branches of OXTR-mediated signaling, working in coordination. PKC activity, presumably promoting phosphorylation and modulation (G) Proposed mechanism underlying TGOT action on CA2 pyramidal cells. TGOT activates OXTRs; an intermediary G-protein activates PLC, which degrades PIP 2 into inositol triphosphate (IP 3 ) and DAG; depletion of PIP 2 from the cell membrane results in closing of KCNQ channels, increasing the membrane resistance and allowing depolarization; DAG activates PKC; and PKC may phosphorylate spike channels (likely Na + channels), reducing peak conductance and increased slow inactivation. All error bars reflect the SEM. *p < 0.05, **p < 0.01. See also Figure S4 .
of voltage-gated Na + channels (Carr et al., 2003) , proved essential for shaping both the frequency and duration of the bursts. The interspike interval (ISI) of the initial action potentials in a burst was shortest when PKC was activated by TGOT or OAG; the ISI was more than 5-fold longer when PKC activation was absent (XE991 alone) or blocked (TGOT+BIS) ( Figures 6D and 6E , p < 0.001). One interpretation is that PKC phosphorylation reduces net inward excitatory current and spike height, allowing less repolarizing K + current to be activated and permitting faster triggering of the subsequent spike ( Figures 6A-6C ). Burst duration is also affected by PKC-mediated modulation of excit- atory current, as seen in OAG effects on directly evoked bursts ( Figures 5F and S5 ).
CA2 Fast-Spiking Interneurons Are Modulated by TGOT and Help Shape Pyramidal Cell Bursting
Finding cooperation between multiple signaling branches leaves open whether the bursting patterns arise cell-autonomously or require interactions at the circuit level. In fact, fast-spiking, parvalbumin-positive (PV+) interneurons in hippocampal CA1 are strongly modulated by TGOT (Owen et al., 2013) , raising the issues of whether OXTR stimulation affects CA2 fast-spiking interneurons and how this might influence CA2 pyramidal cell firing. PV+ interneurons in area CA2 are of particular interest in schizophrenia (Discussion). Co-staining of CA2 for OXTR and PV indicated that PV+ interneurons express OXTR and confirmed the greater abundance of PV+ cells in CA2 than CA1 or CA3 ( Figure 7A ). Across the hippocampal subregions, the proportion of PV+ neurons that were also OXTR+ was 70.5% (n = 44). We next performed whole-cell current clamp recordings from putative PV+ interneurons in the CA2 stratum oriens and stratum pyramidale, identified by their fluorescence (PV-Cre, transgenic reporter line Ai9) and their fast-spiking response to depolarizing current pulses ( Figure 7B, inset) . In line with our previous findings in CA1 (Owen et al., 2013) , TGOT significantly depolarized fastspiking interneurons in CA2 ( Figure 7B ; D = 15.45 ± 0.8 mV, n = 4, p < 0.0003 without blockers present, Student's t test). This depolarization was largely blocked by pre-incubation with 100 mM retigabine ( Figure 7B ; D = 1.93 ± 0.7 mV) and seen even with glutamatergic blockers present (D = 5.06 0.08 mV, n = 7, p < 0.004; 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f] quinoxaline-7-sulfonamide [NBQX] and 5-Phosphono-DL-norvaline, DL-2-Amino-5-phosphonovaleric acid [APV]). Excitability was enhanced, as reflected by a leftward shift of the F-I curve in the presence of the excitatory blockers ( Figure 7C ), again suggesting a direct effect of TGOT. The underlying mechanism in CA2 PV+ neurons appeared similar to that in excitatory neurons; the input resistance of CA2 PV+ interneurons increased with a similar time course as that of CA2 pyramidal cells ( Figure S6C ; D = 19.1 ± 6.5 MU, n = 9, p < 0.02, paired 2-tailed Student's t test). The shift of the F-I curve required PLC action but not activity of PKC ( Figures S6A and S6B) ; PV+ cells expressed KCNQ3 subunits and depolarized in response to XE991 (data not shown).
These findings in CA2 PV+ neurons prompted us to reexamine PV+ interneurons in CA1 and a possible role of the M-current. Indeed, PV+ interneurons in CA1 showed increased input (A) Parvalbumin-positive interneurons (red) were expressed at a high density in CA2 and generally expressed OXTR. Box, top left, the magnified area at the right and bottom. Scale bars, 250 mm (top left), 50 mm elsewhere. Analysis of OXTR immunoreactivity was performed when the cell body could clearly be distinguished (arrows). The proportion of PV+ neurons that were also OXTR+ was 55% for CA2 (n = 20), 85.7% for CA1 (n = 21), and, thus, 70.5% for both regions together (n = 44).
(B) Whole-cell recordings from PV+ fast-spiking interneurons in the CA2 region, identified using a transgenic PV-Cre reporter line and by their response to a current injection (inset), depolarized in response to TGOT application (400 nM). Data were acquired without excitatory blockers. Depolarization was largely prevented by pre-incubation with 100 mM retigabine (blue). resistance in response to TGOT ( Figure S6F ), similar to that of CA2 neurons ( Figure S6C ). Also consistent with OXTR-mediated inhibition of the M-current, TGOT depolarized CA1 PV+ interneurons (peak D = 10.0 ± 0.7 mV, n = 6, p < 0.0001, 1-way Student's t test). Again, the M-current activator retigabine blunted TGOTinduced depolarization, reducing it by $70% (peak D = 3.4 ± 1.1 mV retigabine, 10.0 ± 0.7 mV control; Figure S6F ). The residual $30% depolarization could reflect a contribution of enhanced non-selective cation current (Owen et al., 2013; Zaninetti and Raggenbass, 2000) , previously studied with Cs+ in the recording pipette. However, with K+ rather than Cs+ as the main cytoplasmic cation, modulation of the M-current appears to be the major mechanism of OXTR-driven depolarization.
Having established that OXT neuromodulation affects both excitatory and inhibitory cells within CA2, we looked for clues that the two populations interact with one another, as previously seen in direct paired recordings (Mercer et al., 2012) . Recording from CA2 fast-spiking interneurons revealed enhancement of excitatory postsynaptic potentials (EPSPs) during TGOT application ( Figure 7D ), both in frequency (14.3 ± 1.2 Hz baseline, 24.9 ± 1.1 Hz TGOT, n = 5, p < 0.05, paired 2-tailed Student's t test) and amplitude (0.7 ± 0.03 mV baseline, 1.1 ± 0.2 mV TGOT, n = 5, p < 0.03, paired 2-tailed Student's t test). The TGOT-driven increase in EPSP frequency was greatly lowered by blocking glutamate receptors with NBQX and APV (2.0 ± 1.1 Hz, n = 6, p < 0.001, unpaired 2-tailed Student's t test) or by eliminating action potentials with tetrodotoxin (TTX) (7.5 ± 0.5 Hz, n = 4, p < 0.001, unpaired 2-tailed Student's t test) ( Figure 7D ), consistent with the excitatory drive from pyramidal neurons of CA2 (or, conceivably, CA3). Conversely, voltage-clamp recording from CA2 pyramidal cells with glutamate receptors blocked (NBQX and APV) uncovered a TGOT-driven increase in inhibitory event frequency ( Figure 7E , 15.2 ± 1.6 Hz baseline, 19.3 ± 2.0 Hz TGOT, n = 7, p < 0.001) and IPSC amplitude (9.7 ± 0.8 pA baseline, 11.3 ± 1.2 pA TGOT, n = 7, p < 0.04, paired 2-tailed Student's t test). Thus, OXTR-induced enhancement of inhibition onto CA2 pyramidal cells would be expected to counteract TGOT-driven membrane depolarization. Such a braking effect was already evident from the enlargement of TGOT-driven membrane depolarization in CA2 pyramidal neurons by gabazine ( Figure 2D ).
These findings heighten interest in the interplay between excitatory and inhibitory neurons during burst firing in CA2. The burst patterns in CA2 pyramidal cells in the absence and presence of gabazine revealed clear effects of inhibition ( Figure 7F ). The GABAergic input significantly elevated the intraburst frequency (27.2 ± 5.6 Hz TGOT only, 11.2 ± 2.0 Hz TGOT+gabazine) and restricted burst duration (1.9 ± 0.5 s TGOT only, 4.8 ± 1.1 s TGOT+gabazine). These more than 2-fold effects may be attributed to the role of GABAergic inhibition in the promotion of rapid repetitive firing in pyramidal cells (Cardin et al., 2009) . Phasic increases in GABA receptor chloride conductance will pull the membrane potential toward chloride reversal potential (E Cl ), hastening both spike repolarization and inter-event depolarization.
No Effect of OXTR Activation on CA2 Presynaptic Inputs onto CA1 Pyramidal Cells
To test whether OXTR stimulation alters presynaptic output of CA2 onto its major downstream target, hippocampal area CA1, we injected a Cre-dependent AAV encoding tdTomato and channelrhodopsin-2 (ChR2) into both dorsal hippocampi of Amigo2 transgenic mice expressing Cre recombinase in CA2 pyramidal cells (Hitti and Siegelbaum, 2014) . Expression of ChR2 in CA2 pyramidal cells was confirmed by expression of tdTomato ( Figure 8A ) and blue light stimulation of CA2 spiking ( Figure S7A ). CA1 pyramidal cells did not express ChR2 or fire action potentials in response to blue light stimulation ( Figures  8A and S7A ). However, blue light stimulation did drive EPSCs in CA1 pyramidal cells ( Figure 8B ), consistent with the direct excitatory connection between CA2 and CA1 pyramidal cells . The main CA2 output primarily targeted the stratum oriens of CA1 ( Figure 8A ), as expected from previous anatomical studies (Lorente De Nó , 1934; Shinohara et al., 2012; Tamamaki et al., 1988) . Although evidence suggests that excitatory CA2 axons connect more strongly to deep CA1 pyramidal cells than to superficial ones (Kohara et al., 2014) , all CA1 pyramidal cells we recorded from, without preference for one subtype or another, displayed EPSCs in response to blue light.
To test whether OXTR activation altered the probability of transmitter release, we evoked EPSCs with a 1-s, 10-Hz stimulation train at a low blue light intensity (0.5-ms pulse width, stimulation strength adjusted to elicit a measurable EPSC in $20% of stimulus trials). TGOT produced no clear increase in evoked EPSC likelihood ( Figure 8B ; 20.5% ± 13.0% baseline, 26.7% ± 11.0% TGOT, n = 7, p > 0.12). With stronger blue light stimulation to elicit EPSCs in 100% of trials, TGOT also failed to increase the overall evoked excitatory charge transfer ( Figure 8B ; 2.5 ± 0.5 picocoulombs [pC] baseline, 2.2 ± 0.5 pC, n = 7, p > 0.17). Finally, paired-pulse ratios remained unchanged upon exposure to TGOT ( Figure 8C ; n = 7, p > 0.9).
We did, however, detect an increased incidence of spontaneous EPSCs onto CA1 pyramidal cells during TGOT application, reflected by a halving of the inter-event interval (IEI) ( Figure 8D ; 362.8 ± 54.1 ms baseline, 172.7 ± 35.9 ms TGOT, n = 8, p < 0.007, paired 2-tailed Student's t test). This could be due to increased firing of CA2 neurons directly influenced by TGOT, although a contribution from CA3 pyramidal cells was not excluded; TGOT also increased excitatory synaptic inputs onto CA2 pyramidal cells ( Figure S8) . Notably, the relative decrease in IEI between spontaneous EPSCs with TGOT present was greater onto CA1 pyramidal cells closer to the CA2 border ( Figure 8E , Pearson r = 0.78, p < 0.03, n = 8). This proximity dependence makes sense if TGOT acted on upstream neurons (H) Top: 1-s trains of 10-or 30-Hz blue light stimulation were delivered to CA2 axons during voltage-clamp recordings. Center: excitatory (green) and inhibitory (red) currents were derived from recorded current traces (black). Bottom: during stimulation trains at either frequency, inhibitory current amplitudes (red) showed greater depression than excitatory current amplitudes (data were normalized to the first stimulation amplitude). (I) 30-Hz stimulation resulted in a larger decrease in the I:E ratio than 10-Hz stimulation. All error bars reflect the SEM. *p < 0.05, **p < 0.01. See also Figure S7 . rather than their nerve terminals; the number of connected upstream neurons falls off with distance because hippocampal slices imperfectly match the laminar axon distribution (Tamamaki et al., 1988) . Taken together, our evidence weighs against a direct action of OXTRs at presynaptic boutons of CA2 axons and in favor of an effect at or near cell bodies of upstream pyramidal neurons on the other side of the CA1-CA2 border.
CA2 Firing Patterns Govern the Excitatory:Inhibitory Ratio and Short-Term Plasticity of CA2/CA1 Inputs Even if OXTR activation has little direct influence on presynaptic terminals of CA2 axons, their pattern of firing could still exert profound effects on the dynamics of presynaptic release. Bursts of action potentials interspersed with periods of rest are commonly observed in neuronal systems and can increase the reliability of synaptic communication (Lisman, 1997) . We therefore tested how variations in burst duration and intraburst frequency shape CA2 output onto CA1 pyramidal cells by interposing a pause (1 s) between two high-frequency (30-Hz) bursts of blue light stimulation of CA2 pyramidal cells. The stimulus parameters were modeled after OXTR-driven bursts (mean intraburst frequency with TGOT, 33.5 ± 2.6 Hz; Figure 6C ). We compared the synaptic efficacy of this burst-pause-burst pattern with that of continuous stimulation with the same number of light pulses over the same total elapsed time (achieved with steady stimulation at 25.7 Hz). We isolated EPSCs by voltage-clamp recording at the reversal potential for GABAergic Cl À currents and compared the cumulative charge for both stimulation paradigms ( Figure 8F ). Interposing a pause in the light stimulation increased the charge transfer by 26.6% over the continuous stimulation paradigm, a modest but statistically significant effect ( Figure 8G ; n = 7, p < 0.01, paired 2-tailed Student's t test). We also considered the effect of burst frequency on disynaptic inhibition arising from CA2 drive of CA1 feedforward inhibition. Short-term plasticity of co-activated excitatory and inhibitory inputs modifies the balance between excitation and inhibition, acting as a gain control mechanism (Heiss et al., 2008; Klyachko and Stevens, 2006) . We probed the CA2/CA1 circuitry for potential short-term plasticity of excitatory and inhibitory inputs during high frequency stimulation (STAR Methods). Both excitatory and inhibitory synaptic outputs displayed synaptic depression, but IPSC depression was consistently greater than that of EPSCs during both 10-and 30-Hz blue light stimulation ( Figure 8H ). Thus, high-frequency firing, as occurs during a TGOT-induced burst, disproportionately accelerates synaptic depression of inhibitory currents. As a result, the IPSC:EPSC ratio shifts against inhibition, increasing the net excitatory drive ( Figure 8I ). The reduction in the I:E ratio was significantly greater during 30-Hz stimulation, falling to 18.3% ± 7.5% of baseline as opposed to 45.0% ± 5.9% at 10 Hz (n = 9, p < 0.02, unpaired 2-tailed Student's t test), suggesting that OXTR-induced highfrequency bursts would greatly affect the net drive CA2 exerts on CA1 circuits by enhancing excitation relative to inhibition.
DISCUSSION
The patterns of expression of OXTRs and oxytocinergic fibers support the intuition that oxytocin, long considered a ''social peptide'' (Insel, 2010; Nishimori et al., 2008) , would affect hippocampal area CA2, an understudied region Jones and McHugh, 2011 ) strongly implicated in social behavior (Hitti and Siegelbaum, 2014; Raam et al., 2017; Lin et al., 2018) . Indeed, we uncovered a powerful effect of OXTRs on repetitive firing in CA2 and showed how the bursts arose from diverse signaling events, ionic mechanisms, and circuit actions operating in concert. In CA2, pyramidal neurons as well as PV+ interneurons were directly and independently responsive to the OXTR-selective agonist TGOT. In consistently depolarizing CA2 pyramidal cells, TGOT overcame the neurons' hyperpolarized resting potential (Chevaleyre and Siegelbaum, 2010) and greatly enhanced excitability. In contrast, CA1 pyramidal cells were not directly affected by TGOT (Owen et al., 2013) . Nevertheless, CA1 pyramidal neurons are positioned to receive a powerful OXTR-driven input from CA2; indeed, the bursting patterns in CA2/CA1 axons strongly tilted the E:I ratio in favor of excitation. Thus, the regional specificity of oxytocin action on principal neurons still allows widespread modulation of hippocampal information processing.
Bursting in CA2 Excitatory Neurons: Coordinated Signaling Driven by OXTR-Dependent PIP 2 Hydrolysis
The TGOT-driven increase in excitability in CA2 pyramidal cells was tied to increased input resistance (R in ), not anticipated from previous studies in rat CA1 inhibitory neurons that focused on enhancement of non-selective cation conductance (Owen et al., 2013; Raggenbass et al., 1998) . In CA2 pyramidal cells, depolarization and increased R in resulted from PLCdependent closure of KCNQ K + channels (M-current) based on the following findings: TGOT-driven depolarization was prevented by inhibition of PLC; CA2 pyramids express KCNQ3, the PIP 2 -binding component of M channels; the M-current enhancer retigabine prevents TGOT-driven depolarization; and the KCNQ-specific blocker XE991 mimics and occludes TGOT effects on excitability. Although PIP 2 hydrolysis and modulation of KCNQ channels were necessary to explain TGOT-driven bursting, these events were not sufficient. The tightly linked reductions in spike and after-hyperpolarization amplitudes were shown to arise from other outcomes of PLC-mediated PIP 2 breakdown, involving DAG-and, likely, Ca 2+ -dependent activation of PKC. The effects on spike height and undershoot depth were mimicked by OAG and prevented by BIS block of PKC or by buffering of [Ca 2+ ] i .
Such effects were seen even with TGOT-induced membrane depolarization occluded with XE991 and, thus, resulted from modulation of peak inward excitatory current rather than an indirect effect of membrane depolarization on its availability. Our findings align with previous reports that PKC-mediated phosphorylation reduces peak conductance and promotes slow inactivation of Na + channels (Cantrell and Catterall, 2001 ; but see Chen et al., 2006) . Lowering the spike overshoot should lessen activation of voltage-gated K + channels, attenuate the post-spike undershoot, and favor rapid transition to the next spike. In turn, rapid firing will favor PKC-dependent acceleration of slow Na + channel inactivation and earlier termination of bursts.
This scenario does not exclude indirect changes in other conductances not directly controlled by PIP 2 breakdown. It will be interesting to compare the signaling mechanisms described here with those of other neuromodulators such as acetylcholine. Muscarinic inputs operate via GPCR-driven PIP 2 breakdown, famously inhibit M-current, and drive PKC-mediated changes in spiking (Cantrell et al., 1996; Carr et al., 2003) . Modulation of K+ and Na + currents by muscarinic acetylcholine receptor (mAChR) agonists causes isolated excitatory neuronal somata to generate bursting (Golomb et al., 2006) , suggesting a similar coordination of multiple signaling branches, although this remains incompletely tested. Along with modifications of pyramidal cell-intrinsic properties, GABAergic inhibition, possibly from co-activated PV+ interneurons, was also important for shaping TGOT-induced bursts. Without GABAergic input, the bursts were more than 2-fold longer and less intense. This showed that full-blown oxytocinergic modulation of CA2 firing requires multiple signaling events in multiple modulator-responsive cell types.
Implications for OXT Modulation of Circuit Function and Behavior
The cellular mechanisms of OXTR modulation are well-suited to sculpt the operation of hippocampal circuits in vivo. By shutting off the M-current in CA2 pyramidal neurons, socially driven oxytocinergic input would counteract their basally negative resting potential (Chevaleyre and Siegelbaum, 2010) and boost the remapping of CA2 place fields induced by social stimuli . Additionally, OXTR stimulation of CA2 inhibitory neuron firing might dampen the initially strong GABAergic transmission in CA2 (Piskorowski and Chevaleyre, 2013) via activity-dependent synaptic depression ( Figure 8H ; Owen et al., 2013; Marlin et al., 2015; Oettl et al., 2016) . In either case, OXTR signaling would promote depolarization of CA2 pyramids and long-term potentiation (LTP) of CA3-CA2 neurotransmission (Lin et al., 2018 ; see also Mitre et al., 2016; Pagani et al., 2015) . In these ways, oxytocin effects at the cellular level could help engage plasticity mechanisms to influence CA2 representation of space and, in turn, hippocampal-dependent spatial memory, long known to be influenced by oxytocin (Tomizawa et al., 2003) . As a possible example, recent in vivo recordings in rodents have identified CA1 pyramidal cells whose place fields represent nest position (Kay et al., 2016; Lin et al., 2007) . Perhaps OXTR-promoted CA2 firing triggers plasticity in CA1 place cells for encoding nest location.
Social memory (recollection of a familiar conspecific) is another likely target of oxytocin modulation of CA2 neurons, given that social memory is impaired by genetic silencing of CA2 neuron output (Hitti and Siegelbaum, 2014) and targeted deletion of OXTRs in CA2 and CA3a excitatory neurons (Lin et al., 2018; Raam et al., 2017 ; see also Takayanagi et al., 2005) . Our results provide ways of tying these observations together. Finding that OXTR stimulation specifically and strongly affects firing of such neurons links the behavioral deficits in OXTR knockout (KO) (Lin et al., 2018; Raam et al., 2017) and CA2 output-silenced mice (Hitti and Siegelbaum, 2014) . Demonstration of severe frequency-dependent depression of feedforward inhibition from CA2 to CA1 suggests how high-frequency firing of CA2 pyramidal cells might elevate the net strength of their output onto CA1. Finally, CA2 neurons likely receive excitatory input from OXTR-bearing CA3 neurons, supplementing the direct effects of CA2 OXTR stimulation studied here.
Disease Pathology and Oxytocin in CA2
Schizophrenia is associated with impaired social behavior (Penn et al., 2008) and pathological changes in area CA2 (Benes et al., 2008) . Studies report loss of PV+ interneurons, which are more abundant than in CA1 or CA3 (Botcher et al., 2014) . In a mouse model of schizophrenia, heterozygous reeler mice, PV+ interneurons are less numerous (Nullmeier et al., 2011) , and OXTR mRNA in CA2 is decreased . In the 22q11.2 microdeletion mouse, another schizophrenia model, PV+ interneurons are lost during development, inhibitory tone is reduced, and CA2 pyramidal cells undergo compensatory hyperpolarization , paralleling elevated KCNQ2 in schizophrenic patients (Benes et al., 2008) . Oxytocinergic stimulation could stimulate inhibitory neurons to restore inhibitory tone and counteract the pathologically hyperpolarized membrane potential of pyramidal cells. In this context, the multipronged effects of OXTRs might be well-suited to beneficially retuning circuit function.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All procedures involving animals were approved by the Institutional Animal Care and Use Committee at the New York University Langone Medical Center, and in accordance with guidelines from the US National Institutes of Health. Animals were housed in fully equipped facilities in either the Alexandria Center for Life Science (New York City) or the NYU School of Medicine Science Building (New York City). The facilities were operated by Mispro Biotech Services Corporation and the Division of Comparative Medicine (DCM, NYU), respectively. Unless otherwise indicated, male mice, aged 2 -3 months, were used for all experiments to avoid variation in OXTR expression throughout the estrous cycle of female mice (Nakajima et al., 2014 
METHOD DETAILS Viral Injections
For all viral injections, 2-3 month old mice were anesthetized with isofluorane (2%-5%) and placed in a stereotaxic apparatus (Kopf). Burr holes or craniotomies were made over targeted brain regions to permit pipette insertion. The pipettes (Drummond Scientific) were formed using a P-2000 laser puller (Sutter Instrument) to have a long tapered, 10-20 mm diameter tips. Pipettes were back-filled with mineral oil (Fisher Scientific) and then loaded with virus using a Nanoject II (Drummond Scientific). For identification of oxytocinergic inputs to the hippocampus, pAAV5-EF1a-DIO-ChETA-eYFP (1-1.2 ml; Penn Vector) was injected (0.1 ml/min) unilaterally into the PVN (from bregma in mm: 0.7 posterior, 0.25 lateral, 4 ventral) of Oxt-IRES-cre mice (from D. Olson and B. Lowell). For optogenetic manipulation of CA2 pyramidal cells, pAAV-EF1a-dflox.hChR2(H134R)-mCherry-WPRE-hGH (350 nl; Penn Vector) was injected (0.2 ml/min) bilaterally into CA2 (from bregma in mm: 1.6 posterior, ± 1.6 medial/lateral, 1.7 ventral) of Amigo2-cre animals. After injection, the pipette remained in place for 5 min and was then slowly retracted. The scalp was then sutured shut, saline was administered subcutaneously, and buprenorphine (0.1 mg/kg) was administered subcutaneously for analgesia. Animals were allowed at least two weeks to recover to allow adequate expression of the virus.
Electrophysiology recordings
Mice 2-3 months old were anesthetized with a mixture of ketamine/xylazine (150 mg/kg and 10 mg/kg, respectively) and perfused transcardially with a ice cold sucrose solution containing (in mM): 206 Sucrose, 11 D-Glucose, 2.5 KCl, 1 NaH2PO4, 10 MgCl2, 2 CaCl2 and 26 NaHCO3. Following perfusion and decapitation, brains were removed and placed in the cold sucrose for sectioning before gluing to the stage of a Leica VT 1000S Vibratome. Transverse, 350 mm sections of left and right hippocampi were cut and transferred to an oxygenated, 34 C recovery chamber filled with artificial cerebro-spinal fluid (ACSF) containing (in mM): 122 NaCl, 3 KCl, 10 D-Glucose, 1.25 NaH2PO4, 2 CaCl2, 1.3 MgCl2, and 26 NaHCO3. Slices were allowed to recover for 1 h at 34 C and were then maintained at room temperature in oxygenated ACSF for 1-6 h before recording. Hippocampal slice recordings were performed in a submerged chamber maintained at 32-34 C with a constant bath perfusion of ACSF (with or without pharmacological agents) at $4 mL/min. Slices equilibrated in the chamber for > 10 minutes before recording. Whole cell and cell-attached recordings were made with borosilicate glass pipettes pulled on a Sutter Instrument P-97 micropipette puller. Tip resistance ranged between 2-5 MU following fire polishing to enhance seal quality. Hippocampal regions and layers were identified visually with an upright microscope (Zeiss Axioskop 2 FS Plus) using infrared differential interference contrast (IR-DIC) optics. CA1 pyramidal cells and interneurons in the stratum pyramidale and oriens were often visualized while patching; CA2 pyramidal cells were patched without visual identification of the cell surface due to reduced tissue clarity. Recordings were made using a MultiClamp 700B amplifier (Axon Instruments, Union City, CA). Signals were filtered at 10 kHz using a Bessel filter and digitized at 20kHz with a Digidata 1322A analog-digital interface (Axon Instruments). Series resistance was monitored during recordings and maintained at < 25 MU.
To measure membrane depolarization and spontaneous burst firing, cells were held near resting potential under current clamp. When applied, pharmacological blockers were washed on 3-5 min prior to initiation of TGOT wash. For F-I curves, pyramidal cells were held under current clamp to maintain a membrane potential near À70 mV, and 500 ms depolarizing and hyperpolarizing current injections were made in 10 or 20 pA increments. All data is a mean of at least 3 applied current injections. Membrane resistance was monitored throughout recordings via brief hyperpolarizing current pulses.
ChR2 experiments were performed > 2 weeks after AAV injection to allow for virus expression. Slices were cut as previously described and successful virus expression was verified by visualizing tdTomato in CA2 and the stratum oriens of CA1. Photostimulation of ChR2 was achieved through 470 nm light delivered to the slice field through a 40x objective. Illumination intensity was adjusted between 0.1-2.0 mW, depending on the experimental objective.
Immunohistochemistry Animals were perfused with PBS followed by 4% paraformaldehyde in PBS. Whole brains were dissected and fixed overnight in 4% PFA, and then sucrose-protected overnight in 30% sucrose in PBS before embedding and freezing in optimal cutting temperature compound (Tissue-Tek O.C.T.) for sectioning. Frozen sections were cut on a cryostat at 16 mm and collected on HistoBond coated slides (VWR) for staining. Sections were blocked for 2-3 hours at room temperature in 0.2% Triton X-100 and 5% normal serum, then incubated at 4 C in the following primary antibodies for 12-20 hours: mouse anti-PV (Swant Cat# PV 25, RRID: AB_10000344, 1:500), rabbit anti-K v 7.3 (KCNQ3; Alomone Cat# APC-051, RRID: AB_2040103, 1:200), mouse anti-RGS14 (Neuromab, 1:100) and rabbit anti-OXTR (Mariela Mitre, Moses V. Chao, Robert C. Froemke, NYU School of Medicine Cat# OXTR-2 antibody RRID:AB_2571555, unpurified, 1:30). Sections were rinsed and then incubated in species-appropriate Alexa Fluor conjugated secondary antibodies (Molecular Probes, 1:500) for 2-3 hours, and finally mounted with ProLong Gold Antifade Mountant with or without DAPI (ThermoFisher Scientific). Primary antibodies were omitted from some sections to serve as a control for antibody specificity. Fluorescent images were acquired on a Zeiss LSM 510 meta Imager.M1 confocal microscope.
For analysis of neuron morphology, pyramidal cells were held in whole cell configuration with a pipette containing 0.1% biocytin for > 15 min before being transferred to a 4% paraformaldehyde fixative solution for 12-24 h. Slices were rinsed and stained with a streptavidin Alexa Fluor 488 conjugate (Molecular Probes, Eugene, Oregon). Fluorescent mages were acquired on a Zeiss LSM 510 meta Imager.M1 confocal microscope, and maximum intensity projections of z stacks were generated in ImageJ (NIH). Neuron tracing was done manually (Wacom Intuos tablet).
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification of oxytocin fibers Oxytocinergic inputs to the hippocampus were quantified by examining cre-dependent expression of eYFP from adult female Oxt-IRES-cre mice in a 200x200x12 mm volume of tissue, imaged at 63x. eYFP fibers and puncta were traced (ImageJ) by an observer blinded to hippocampal region, and fiber density (length per mm 2 ) was quantified.
Analysis of whole cell recordings Current clamp recordings were analyzed offline using custom written routines in MATLAB (Mathworks) for membrane voltage, firing rate and action potential waveform analysis. Membrane resistance was monitored throughout recordings via brief hyperpolarizing current pulses. Spontaneous PSCs were detected offline using pClamp software for event detection. Evoked post-synaptic events were recorded under voltage clamp at two holding potentials (V 1 and V 2 ) away from the known Cl -reversal potential (E Cl ). It was assumed that the excitatory and inhibitory conductances at V 1 were proportional to those at V 2 , scaled by the ratio of driving forces at the two holding potentials. For each of the recorded currents (I 1 and I 2 ), fast-decaying excitatory component (Ex 1 and Ex 2 ) were isolated from slow-decaying inhibitory component (In 1 and In 2 ) using the following equations:
Ex 1 = Ex 2 V 1 =V 2 In 1 = In 2 ðV 1 À E cl Þ=ðV 2 À E cl Þ Short-term depression of isolated excitatory and inhibitory conductance were calculated by normalizing to the amplitude of the first response in the stimulation train.
STATISTICAL ANALYSIS
Student's t test was used for comparisons between two groups. One-or two-way analysis of variance (ANOVA) was used for analysis between three or more groups. To compare the proportion of responsive cells following optogenetic stimulation of oxytocinergic fibers, with and without the antagonist present (Figure 1 and S1), we used a chi-square test. For determination of F-I curve shifts, the current required to drive the cell to fire at 10 Hz was interpolated from polynomial curves. Statistical analyses were performed using Prism 6.0 GraphPad and MATLAB (MathWorks). The statistical test used, the consequent p value and the number of cells that went into the calculation (n) are reported in the main text describing each figure. All quantifications are the result of data from at least 3 different animals, unless otherwise indicated. Data reported in the text are generally shown as mean ± standard error of the mean (s.e.m), unless otherwise indicated.
DATA AND SOFTWARE AVAILABILITY
Upon request to the Lead Contact, data are immediately available.
